The Escherichia coli enzyme succinate:ubiquinone oxidoreductase [(succinate dehydrogenase (SdhCDAB)] couples succinate oxidation to ubiquinone reduction and is structurally and functionally equivalent to mitochondrial complex II, an essential component of the aerobic respiratory chain and tricarboxylic acid cycle. All such enzymes contain a heme within their membrane anchor domain with a highly contentious, but as-yet-undetermined, function. Here, we report the generation of a complex II that lacks heme, which is confirmed by both optical and EPR spectroscopy. Despite the absence of heme, this mutant still assembles properly and retains physiological activity. However, the mutants lacking heme are highly sensitive to the presence of detergent. In addition, the heme does not appear to be involved in reactive oxygen species suppression. Our results indicate that redox cycling of the heme in complex II is not essential for the enzyme's ubiquinol reductase activity.
T
he Escherichia coli complex II homolog, succinate:ubiquinone oxidoreductase (SQR) [succinate dehydrogenase (Sdh-CDAB)], is remarkably similar to the mitochondrial enzyme, both in structure and function (1) (2) (3) . As a vital component of the tricarboxylic acid cycle, it links the oxidation of succinate to the reduction of ubiquinone. The structures of the eukaryotic and bacterial homologues are quite superimposable, and key residues throughout all four subunits are conserved between bacteria and eukaryotes. Importantly, sequence conservation of residues between E. coli SQR and human complex II extends to many residues implicated in human paragangliomas and pheochromocytomas (4, 5) .
E. coli SQR has a b-type heme within the membrane domain that is essentially identical to that found in the eukaryotic enzyme. The role of this heme has been the focus of great debate. Although it is redox-active (6), it is not known whether it is essential for enzyme catalysis. This ambiguity stems from the fact that the heme does not lie on the electron-transfer relay connecting succinate oxidation with the site of ubiquinone binding (the Q-site) within the membrane-intrinsic domain of the enzyme. Succinate oxidation at a cytosolic-active site, flavin adenine dinucleotide (FAD), releases 2H ϩ and two electrons that must be transferred sequentially through a [2Fe-2S] cluster, a [4Fe-4S] cluster, and a [3Fe-4S] cluster, ultimately reducing ubiquinone at the Q-site. The single heme b lies in the intersubunit space coordinated by the SdhCD membrane anchor polypeptides (Fig. 1A) . Because the Q-site is positioned between the heme and the [3Fe-4S] cluster, it is not clear whether the heme undergoes obligatory redox chemistry during enzyme turnover. Inspection of the structure (Fig. 1 A) , however, reveals that the heme lies 11.4 Å from the [3Fe-4S] cluster and 6.5 Å from the ubiquinone that cocrystallized with the enzyme (1) . These distances are short enough for rapid electron transfer among the [3Fe-4S] cluster, the bound ubiquinone, and the heme. Interestingly, the E. coli genome encodes a quinol:fumarate oxidoreductase (QFR; FrdABCD), a paralog of SQR that shares much of its catalytic and structural properties (7, 8) , but that lacks heme. Thus, determining the role of the heme of SQR would be an important step in gaining a complete understanding of its structure and function.
Previous experiments to create a heme-free SQR by expressing the enzyme in a hemA E. coli-deletion strain, which is unable to synthesize heme, failed as a result of improper enzyme assembly, prompting the hypothesis that the heme is necessary for proper subunit formation and integration (9) . In addition, further attempts to remove the heme by site-directed mutagenesis proved to be ineffective (10, 11) . Here we successfully created a heme-free mutant of E. coli SQR, which retains catalytic activity and many wild-type properties.
Results

Mutations of Heme Ligands Result in Fully Assembled, Heme-Free SQR.
The x-ray structure (1) of the E. coli SQR reveals that the heme b, as in the mammalian enzyme, is coordinated by two conserved His residues, one from each of the two membrane-bound subunits (Fig. 1 A) . A previous mutation of one of the heme ligands, SdhC H84L DAB, does not result in a loss of the heme possibly because of the close proximity of SdhC His-30, which is able to function as a surrogate ligand. Also, the SdhCD H71Q AB mutation results in the conversion of the low-spin hexacoordinated heme into a high-spin pentacoordinated heme, as observed by EPR (11) . We generated SdhCD H71Y AB and SdhC H84Y DAB mutants, each of which we hypothesized would eliminate the heme and introduce a hydrogen bond bridging the Tyr side chain and the imidazole of the corresponding histidine on the opposite subunit.
E. coli cells containing overexpressed SdhCD H71Y AB or SdhC H84Y DAB SQR were dark brown in color, whereas cells containing overexpressed wild-type SQR are brown with a slightly red hue. SDS/PAGE indicates that subunit assembly is unaffected by our mutations to the heme ligands (Fig. 1B) . After cell lysis, all four subunits of the SdhCD H71Y AB and SdhC H84Y DAB mutants were clearly visible on SDS/PAGE. The concentration of SQR in membrane samples can be assayed by estimating the amount of acid-labile flavin (12) . Membranes containing overexpressed wild-type, SdhCD H71Y AB, and SdhC H84Y DAB SQR contain 3.1, 1.0, and 2.4 nmol of SQR per mg of membrane protein, respectively. Based on the amounts of SQR assembled into the cytoplasmic membrane and our SDS/ PAGE analyses (Fig. 1B) , it is clear that these mutations do not significantly alter the structural characteristics of the SdhCD membrane domain, although mutating the SdhD His-71 ligand has a more pronounced effect on the stability of the enzyme. Although the loss of the heme cofactor leads to increased instability of the enzyme, both mutant membrane subunits are still capable of properly anchoring the soluble SdhAB dimer to the membrane.
UV-VIS and EPR Spectroscopies Confirm the Loss of the Heme Cofactor.
Dithionite-reduced minus ''as is'' air-oxidized absorbance spectra of membranes enriched in mutant SQR indicate a substantial lack of heme absorbance ( Fig. 2A) . Spectra of membranes enriched in wild-type SQR exhibit a strong Soret absorbance at 427 nm, a broad ␤-absorbance with maxima at 530 nm, and considerable ␣-absorbance at 559 nm. In the DW35 host membranes, the observed absorbances arise from the hemes of the bo 3 -and bd-oxidase (13) , and there is a noticeable shift in the absorbance maxima in these membranes. The heme absorption spectra of both the SdhCD H71Y AB and SdhC H84Y DAB mutants are greatly diminished in the amplitude of the Soret absorbance as well as ␣-absorbance, compared with the wild-type SQR. In fact, the amplitudes of these absorbances are lower than those found in spectra of the DW35 host strain. The likely explanation for this finding is that the contribution from the spectrum of the heme from the oxidase is diluted out of the membranes by the overexpression of the heme-free SQR. Further confirmation of the loss of the b heme through measurement of the protoheme IX content was determined by the pyridine hemochromogen difference spectra (Table 1 ). Both SQR Tyr mutants contained only background amounts of b heme produced by the bo 3 -and bd-oxidase present in the host strain DW35.
EPR spectroscopy was used to verify the cofactor composition in the mutant enzymes (Fig. 2B ). For the EPR experiments, membranes enriched in SQR were fully oxidized with 0.8 mM dichlorophenolindophenol (DCPIP) to conditions where only the [3Fe-4S] cluster and heme are EPR-visible. The signal arising from the [3Fe-4S] cluster in the SdhB subunit appears as a peak at g ϭ 2.02 ( Fig. 2B) , with a broad trough immediately upfield. This signal is easily detected in membranes enriched in wild-type SQR, but is lacking in the DW35 host membranes. EPR spectra of membranes containing SdhD H71Y or SdhC H84Y SQR exhibited a [3Fe-4S] cluster spectrum identical to that of wild-type membranes. The amount of enzyme assembled in the mutants' membranes reflected by the [3Fe-4S] cluster and FAD levels was, however, reduced by approximately one third, compared with wild-type enzyme. These results affirm the conclusion that enzyme assembly has been largely unaffected by the mutation.
The heme in E. coli SQR is EPR-detectable and has a characteristically high anisotropic low-spin spectrum with a g z of 3.66 ( Fig. 2C) (14) . This signal is obviously absent in membranes enriched in the mutant SQR, as well as in membranes of the DW35 host strain. The signal at g ϭ 3.36 is found in all of the membrane preparations and can be assigned to the heme b 558 of cytochrome bd (15) .
Another EPR signal detectable in DW35 membranes is contributed by the pentacoordinated high-spin hemes of bo 3 - (16) and bd-oxidase (15) . Previous studies of an SdhCD H71Q AB mutant indicated that a high-spin pentacoordinate heme can be incorporated into SQR (11) , and it was necessary to eliminate this possibility for our SdhC H84Y DAB and SdhCD H71Y AB mutants. A sharp peak is observed at g ϭ 6.01 in DW35 membranes, corresponding to the presence of high-spin hemes (Fig. 2D) . In wild-type SQR-enriched membranes, this signal is diminished because the cytochrome oxidase concentration is diluted by SQR overexpression. A similar pattern was recorded in both of the mutants. Any conversion from low-to high-spin heme is easily detected by EPR (11) , but here such a conversion is clearly absent. Taken together the optical and EPR data unambiguously indicate that both of our mutations have eliminated the heme from its regular position within the membrane domain.
Evidence of a competent Q-site is provided by the presence of a ubisemiquinone radical observed by EPR. Wild-type SQR cycles through a semiquinone intermediate (E m,7 ϭ ϩ100 mV) at the Q-site, which is detectable by potentiometric titration of the g ϭ 2.005 signal in SQR-containing membranes (6) . As the redox titration of SdhCD H71Y AB membranes indicates (Fig. 3) , both the FAD and ubisemiquinone radicals, which are found in the wild-type SQR, are preserved in the mutant SQR at the appropriate midpoint potentials. Titrations of SdhC H84Y DABenriched membranes are similar (data not shown). The K STAB of the ubisemiquinone radical in wild-type SQR has a value of Ϸ1 (6), and this value is unperturbed in either of the mutants.
Heme-Free SQR Variants Retain Physiological Activity. The physiological activities of the mutant SQR were characterized by a spectrophotometric assay (Table 1) . When using Q 0 as a substrate, the turnover rates for the heme-free SQR decreased to Ϸ50-60% of that of the wild type, but the K m for Q 0 in the mutants was within the range of that found with wild-type SQR.
By using Q 1 as a substrate, the mutant enzymes show an even better retention of activity compared with wild type (Table 1 ). The succinate:Q 1 -reductase activity, when described as a ratio to the nonphysiological succinate:phenazine ethosulfate (PES) activity, is unity in the wild-type enzyme, whereas there is only a 6% and 30% loss in activity in the SdhCD H71Y AB and SdhC H84Y DAB samples, respectively. The K m values for Q 1 were only slightly elevated. During catalysis of the reverse reaction by using reduced plumbagin as a menaquinol analog, the heme-free mutants lost Ϸ50% of wild-type turnover, similar to the effect observed on succinate:Q 0 reductase activity, which suggests that the absence of heme affects both processes similarly. The similarities in K m for both ubiquinone and menaquinol in the wild-type and mutant enzymes suggest that the loss of the heme does not result in major changes in the structural components of the Q-site.
The in vivo functionality of the enzyme was determined by monitoring aerobic growth of E. coli DW35 harboring plasmids expressing SQR in succinate-supplemented minimal medium. Either the SdhC H84Y DAB or SdhCD H71Y AB mutant was competent in sustaining growth under these conditions because it had a similar doubling time (Ϸ2 h) as the wild-type SQRexpressing cells (data not shown).
Heme-Free SQR Enzymes Are Highly Sensitive to Detergent. Although the lack of heme cofactor does not appear to have serious effects on catalytic activity in the native membrane, the same cannot be said for the enzyme in the presence of detergent. Normally, wild-type SQR can tolerate detergent extraction and ion exchange chromatography while remaining highly active (1). However, in the case of the SdhC H84Y DAB or SdhCD H71Y AB mutant, incubation of these SQR-enriched membranes with low Thesit (C 12 E 9 ) concentrations, below the critical micellar concentration of 0.1 mM, results in a dramatic loss of succinate:Q 1 -reductase activity (IC 50 of 0.0005% or Ϸ20 M) (Fig. 4) . Moreover, after the addition of other detergents commonly used for extraction (Triton X-100 or dodecylmaltoside) at concentrations of 0.01%, the wild-type SQR is unaffected, whereas both heme-free SQR lose nearly all physiological activity (data not shown). The sensitivity of the mutant enzymes to low levels of detergent (Fig. 4) is consistent with some disruption of the structural integrity of the enzyme because there also is a time-dependent loss of succinate oxidase activity in the PES reaction (data not shown) as well as the Q 1 -reductase activity (Fig. 4) . This finding is consistent with the known sensitivity of the SdhAB enzyme to air or temperature when removed from the SdhCD subunits (11) . Standard purification of detergentsolubilized mutant SQR (17) was attempted by anion exchange chromatography, but was unsuccessful. In contrast to wild type, the mutant SQR eluted with a significant depletion of SdhCD (data not shown), indicative of dissociation of SdhAB from the membrane anchor. Unfortunately, the detergent sensitivity of the mutant SQR precludes any isolation of the intact complex. Indeed, the effect of detergent confirms the role of the heme in providing structural stability for the enzyme.
Loss of the Heme Does Not Affect Reactive Oxygen Species (ROS)
Production. It has been proposed that the heme acts as an electron sink during enzyme turnover to prevent prolonged exposure of the ubisemiquinone radical to oxidants in the cellular environment (1). In support of this hypothesis, the E. coli paralog, QFR, which lacks heme, generates 20-fold more ROS than SQR during aerobic succinate oxidation (18) . Therefore, we assayed the production of superoxide radicals by our heme-free SQR mutants during catalytic turnover (Fig. 5) . The rate of ROS production by both the SdhC H84Y DAB and SdhCD H71Y AB mutant were reduced by 60%, compared with the wild-type enzyme. This finding correlates well with the physiological rate of succinate/Q 0 turnover, which also was halved in the mutants. As such, it does not appear that the heme is acting to suppress ROS production in the wild-type SQR.
Expression of the Heme-Free Mutants in a Heme-Deficient E. coli Strain. It may be possible that a minute amount of heme, below our detection limits, may have been inserted into SdhCD H71Y AB, and this small subset of heme-containing enzyme was responsible for some of the wild-type characteristics observed herein. To ensure that this notion was not the case, the SdhCD H71Y AB was expressed in the E. coli strain, SASX41B, which is incapable of heme biosynthesis in the absence of the heme precursor, 5-aminolevulinic acid. Wild-type or hemecontaining mutants of SQR do not assemble in this strain (11) . Conversely, expression of the SdhCD H71Y AB mutant was capable in the SASX41B strain (Fig. 1 A) , and enzyme assembly did not appear to be affected. However, when expressed in the SASX41B strain, the SdhCD H71Y AB enzyme seemed to have an anomalous ratio between the SdhA and SdhB subunits, which was not observed in the DW35 strain. Additionally, the SdhCD H71Y AB from both E. coli strains had similar kinetic properties with respect to the ubiquinone activity (Table 1) .
Discussion
Oyedotun et al. (19) reported that mutation of the axial ligands of the heme in Saccharomyces cerevisiae complex II had minimal consequences on enzyme activity and quinone function. The results of these studies, however, showed that some fumarateoxidizable heme was still retained in all of their mutants. In contrast, the two mutant SQR we have presented here unmistakably lack the heme as verified by convincing spectroscopic and EPR techniques. Considering that a large cofactor was removed from the interior of the protein, the removal of the heme from the E. coli SQR did not have a substantial effect on the enzyme's function. In addition to the heme ligands, the heme in the native enzyme must undoubtedly contact the protein component of the enzyme at multiple points within the membrane core. It will be interesting to see whether the loss of the heme has left a void in the intersubunit space or the membrane domain has shifted to compensate. The presence of a functional Q-site and the stability of the ubisemiquinone would suggest that the protein backbone has not been greatly impacted. Because the heme propionates are positioned Ϸ7 Å from the Q-site, changes in the protein structure around the heme should manifest as disruptions in Q-binding, and this effect is not observed in the membrane-bound enzyme.
The instability of the heme-free SQR in the presence of detergents emphasizes a structural role of the heme in the enzyme. Also, the disparity in the stoichiometry of SdhA and SdhB in the SdhCD H71Y AB mutant when expressed in the heme-deficient E. coli strain SASX41B suggests that the enzyme may be more susceptible to proteolysis when the enzyme assembles in an environment completely devoid of heme. In DW35 cells, the heme may transiently associate with the hydrophobic SdhCD dimer in the mutant SQR during the initial stages of assembly and membrane integration before it is eventually lost, thereby stabilizing the membrane-intrinsic components before assembly of the final complex. In the absence of heme in the SASX41B cells, abnormal assembly or a loose association between subunits may increase the sensitivity of SdhA to proteolytic cleavage, and thus we may be observing some partially assembled enzyme within the membrane. This finding indicates a structural role for the heme not only in the holoenzyme, but also during the early phases of assembly, consistent with previous notions (20) . The presence of a significant quantity of intact, fully functional SdhCD H71Y AB enzyme, even in the SASX41B cells, suggests that insertion of the heme into the membrane domain of the wild-type protein may not necessarily precede formation of the fully folded apoenzyme, but the presence of heme may enhance the efficacy of folding.
We have shown that the heme is not an essential component of the catalytic mechanism, which is extraordinary given that the heme cofactor is conserved from prokaryotes to eukaryotes. However, E. coli QFR can carry out the same reaction in the absence of the heme. In addition, the heme b in mitochondrial complex II has been shown to be resistant to reduction by succinate (21) , which is likely a consequence of its low midpoint potential (E m,7 ϭ Ϫ185 mV in the mammalian, compared with E m,7 ϭ ϩ35 mV in the bacterial enzyme). In light of our results, it is entirely plausible that mammalian complex II may not rely on electron transfer through the heme at all.
Despite our observation that heme-free SQR is catalytically functional both in vitro and in vivo, the heme is clearly redoxactive in the wild-type enzyme (6) . The heme does not seem to have a role in reducing ROS production either. The lack of heme cofactor does not have an impact on the midpoint potential of nearby redox centers ([3Fe-4S] or quinone) (data not shown), and this notion can be rejected as the cause for the modest drop in activity observed here. It has been previously determined that the rate of electron transfer between the Q-site and the heme can be considered very fast (22) . In a model where the electrons from the [3Fe-4S] cluster reduce the bound ubiquinone directly, the heme may act to lower the thermodynamic barrier of electron transfer from the [3Fe-4S] by delocalizing the negative charge on the ubisemiquinone, thus increasing the transfer rate of the second electron, which is likely coupled to the protonation of the quinone. It is difficult to surmise whether such a rate increase could result in the magnitude of changes observed herein because the kinetics of quinone reduction occur on a millisecond timescale, whereas electron transfer rates through the enzyme occur on a microsecond timescale (23) . However, when electron transfer rates are lowered by modulating the midpoint potential of the [Fe-S] clusters, a significant effect is seen on the quininereduction kinetics (24) .
In summary, the results reported here propose a function for the heme in E. coli SQR in maintaining a high rate of catalysis, in addition to its structural purpose, while excluding its absolute requirement in the catalytic mechanism, as well as its role in ROS suppression. kanamycin were added to all DW35 cultures. Growth studies were performed in Klett flasks containing minimal medium supplemented with 20 mM succinate (6) . PMSF was added to a final concentration of 0.2 mM before cell lysis by French Press. Membranes were isolated by differential centrifugation (6) . Activation of the SQR enzyme required a 20-min incubation at 30°C with 1 mM malonate, and 100 mM Mops/5 mM EDTA was used ubiquitously as the buffer system.
Materials and Methods
A modified Lowry assay (29) was used to determine the protein concentration in the membrane vesicles. SDS/PAGE. Protein samples were run on a 12.5% polyacrylamide gel. After a 5-min incubation at 70°C, 45 g of protein were loaded onto each lane. Low-molecular-mass markers were obtained from Bio-Rad and Invitrogen. All gels were stained with Coomassie brilliant blue.
Enzyme Activity, b Heme Content, and ROS Generation. Both the succinate:Q 0 and plumbagin (5-hydroxy-methyl-napthalene-1,4-dione):fumarate assays have been described before (6) . SQRenriched membranes were added to an oxygen-depleted cuvette containing the appropriate substrates to initiate the reaction. The Q 1 -reductase and PES assays also have been described (30) . All membranes were incubated with 1 mM malonate to remove the oxaloacetate inhibitor bound to the active-site FAD.
The measurement of superoxide production was performed with a standard cytochrome c reduction assay (24) .
The protoheme IX content of cytochrome b was determined by the pyridine hemochromogen difference spectra (dithionitereduced minus ferricyanide-oxidized) ( 558 -540 ϭ 23.98 mM Ϫ1 ⅐cm Ϫ1 ) as described in ref. 31 .
Purification of SQR.
Membranes were solubilized with 1% Thesit (C 12 E 9 ; Anatrace), and the extract was bound to a DEAE fast-flow anion exchange resin as described in ref. 17 , with the exception that the initial buffer was 10 mM K-P i (pH 7.5). The anion exchange resin containing the bound enzyme was collected on a small filter, washed with 75 mM NaCl, and eluted with 300 mM NaCl.
UV-VIS and EPR Spectroscopy.
Reduced minus oxidized spectra of the membranes were performed at a protein concentration of 0.5 mg⅐ml Ϫ1 . Excess dithionite was added to the cuvette to reduce the sample before obtaining a sample spectra. A Hewlett Packard 8453 UV-VIS diode array spectrophotometer was used to perform all spectral readings. To generate oxidized samples for EPR analysis, 170 l of membranes was placed into a standard EPR tube, to which DCPIP was added to a final concentration of 0.8 mM before freezing. Potentiometric titrations were performed as reported (6) . [Fe-S] cluster and heme spectra were recorded by using a Bruker Elexsys E500 EPR spectrophotometer equipped with an Oxford Instruments ESR900 flowing helium cryostat. All EPR experiments were performed at pH 7.0. EPR conditions were 9 K, 20 mW at 9.38 GHz, 10 G pp . Studies done on the flavin and semiquinone radicals were performed by using a Bruker ESP300E spectrometer equipped with a Bruker liquid nitrogen evaporating cryostat at 150 K. EPR conditions were 150 K, 20 mW at 9.47 mW, 2 G pp .
